Abstract. Both seafloor bathymetry and eddy kinetic energy at the ocean surface can be estimated by making use of satellite altimeters. Comparing the two quantities shows that in regions of the ocean deeper than about 4800 m, surface eddy kinetic energy is greater over smooth abyssal plains than over rough bathymetry, while the opposite is true in shallower waters. Thus in the deep ocean, bottom roughness may dissipate eddy kinetic energy. A simple model indicates that the dissipation rate increases as root-meansquared bottom roughness increases from 0 to 250 m and decreases to negative values (implying eddy generation) for higher roughness.
Introduction
Seafloor roughness is important for a variety of oceanic processes. It is associated with intense vertical mixing [Polzin et al., 1997] as well as with dissipation of both barotropic tidal energy [Munk and Wunsch, 1998 ] and barotropic mesoscale energy over the continental shelf [Brink, 1986] . Observations indicate that Lagrangian floats lose about half of their eddy kinetic energy when they move from smooth to rough bathymetry near 70 ¡ W south of the Gulf Stream [Freeland et al., 1975] . Similarly, in atmospheric general circulation models, wave drag over rough topography is needed to remove momentum from wintertime westerly flows [Palmer et al., 1986] . In this study we use satellite altimeter measurements to examine how seafloor roughness may help both to dissipate and to generate mesoscale eddy kinetic energy at the ocean surface.
Satellite altimeters use a downward-looking radar to measure the height of the sea surface relative to the known altitude of the satellite. The time-varying component of sea surface height is mostly due to eddy variability at the ocean surface, while the time-invariant component is dominated by the Earth's gravity field, which at wavelengths
km, is closely related to seafloor bathymetry. Our analysis makes use of both components.
Eddy Kinetic Energy and Roughness
From the time-varying component of altimeter data, we estimated eddy kinetic energy ( ¢ ¡ ) shown in Figure 1a . Figure 1 While many previous estimates of surface £ ¡ from altimetry have focused on measurements from a single satellite [Sandwell and Zhang, 1989; Cheney et al., 1983; Stammer, 1997] , our analysis merged TOPEX altimeter data [Fu et al., 1994] from September 1992 through May 1997 with exact repeat European Remote Sensing Satellite (ERS-1 and ERS-2) data from May 1992 through November 1996. The ERS satellites pass over the same points every 35 days, providing denser spatial coverage than TOPEX achieves with its 10-day orbit. Due to design differences between the satellites, ERS orbits repeat less precisely than TOPEX orbits, potentially yielding a false measure of variability. Merging data from the two satellites increases spatial resolution and reduces errors in ¢ ¡ . We computed sea-surface slopes from along-track height measurements and processed the data following standard procedures to correct for tides and orbit errors [Yale et al., 1995] . For TOPEX, ERS-1, and ERS-2, at each point along the groundtracks we removed the time-mean sea surface slope. Then we filtered residual sea surface slope profiles to retain wavelengths longer than 80 km, and computed the time variance. These results were converted to meansquared velocities using the geostrophic relationship: Figure 1a . To do this, we high-pass filtered (B D C F E G ¥ km) global bathymetry that was derived from non-repeat orbit GEOSAT and ERS-1 altimeter measurements as well as available ship soundings [Yale et al., 1995; Smith and Sandwell, 1997] . This resulted in band-pass filtered topography since the altimeter-derived gravity does not resolve features having wavelengths less than about £ ( H times the ocean depth (I £ ¦ ¥ km). We squared the filtered bathymetry, applied a low-pass filter (B ¢ P E Q G ¥ km), and computed the square root to obtain roughness, R [Smith, 1998] . The actual spatial variations in seafloor roughness are several times greater than shown in Figure 1b , because we have not resolved small-scale seafloor structures.
To first approximation, seafloor roughness is inversely related to the rate of seafloor spreading [Small and Sandwell, 1992; Smith, 1998 ] and also depends on sediment cover and seamount abundance. Because our roughness map is derived from the most complete seafloor topography dataset available, it includes the effects of sediment and newly discovered seamounts. Roughness is greatest near slow-spreading midocean ridges such as the Mid-Atlantic Ridge and the Southwest Indian Ridge. For reference, Figure 1c shows smoothed ocean depth derived from ship soundings and altimeter-derived gravity anomalies [Smith and Sandwell, 1997] .
Low Roughness and High

¢ ¡
Close examination of the North Atlantic in Figure 1 Eddy activity could diminish over rough bathymetry, in part because regions of rough bathymetry tend to be shallower, and currents are steered around bathymetric obstructions, particularly at high latitudes [Sandwell and Zhang, 1989; Gille, 1994] , so that ¡ due to baroclinic instability of currents will be stronger in deep water. To correct for the correlation between depth and roughness, in Figure 2a data Figure 2 were binned by local depth, and correlation coefficients were computed for seafloor roughness versus In the latitude range we consider here, negative correlation coefficients at depths greater than 5200 m can be attributed to processes in the Argentine Basin; however when we considered a larger latitude range (not shown), we saw qualitatively similar negative correlations due to regions outside the Argentine Basin.
Based on Figure 2 , we hypothesize that in the deep ocean roughness dissipates mesoscale energy either through a mechanism akin to "form stress" or by converting barotropic en-ergy into baroclinic energy or internal gravity waves. We thus expect the effective bottom drag to be proportional to R § [Brink, 1986] or to R .
An Advective Model for EKE Dissipation
Ocean models of energy generation and dissipation typically postulate a balance of the form:
where ¦ ¡ 0 is energy generation through wind forcing or baroclinic instability, and ¥ is a dissipation timescale [Garrett, 1991] . Estimates of ¥ range from 7 days for spin-up of the Antarctic Circumpolar Current [Wearn and Baker, 1980] to 81 days for tidal dissipation [Munk, 1997] to¨ 2 E ¥¥ § ¥0
days for viscous spin-down [Gill, 1982] . Most eddy kinetic energy generation appears to result from the baroclinic instability of strong jet-like currents [Stammer and Wunsch, 1999] . Here we assume that ¦ ¡ 0 is zero outside of baroclinically unstable currents, and we hypothesize that ¥ depends on roughness. To test this, we examined the steady-state energy balance in the ocean's interior:
where is the large-scale, time-mean advective velocity. We estimated by computing geostrophic surface velocities relative to 1000 m from Levitus climatology [Levitus, 1982] 
£ ¡
, and depth considered. The global trends are dominated by signals from the North Atlantic and the Southern Ocean which have rough topography generated by slow spreading mid-ocean ridges. In contrast, the seafloor of the North Pacific is smoother, and the statistics of this region deviate from the global results.
In this analysis, for between 0 and 250 m, dissipation rates correspond to -folding time scales of 550 to 1450 days. These dissipation timescales are longer than barotropic tidal dissipation estimates, most likely because mesoscale variability is surface intensified and only indirectly controlled by bathymetry. Observed dissipation timescales are also longer than scales imposed in current numerical ocean models [Semtner and Chervin, 1992; Maltrud et al., 1998 ]; biharmonic viscosities of order
10 to 170 days for ocean variability with wavelengths from 100 to 200 km. The long decay timescales indicated by our observations, particularly over smooth bathymetry, may not be readily accessible with current numerical models due to numerical stability constraints.
We 
R
. The deep ocean dependence of dissipation on roughness shown here is statistically different from zero on a global scale. However, this simple model does not attempt to capture anything other than a balance between energy generation in strong currents and dissipation in the ocean interior. Mid-ocean baroclinic instability, coastal processes, wind forcing, and buoyancy forcing may also influence ¡ . Thus there is no reason to expect any given region of the ocean to conform to the global trend, and not surprisingly, as Figure 3a indicates, individual dissipation estimates may scatter substantially about their global means.
Summary
Our findings indicate that the character of bottom topography partially determines how much of the mesoscale energy that is generated through baroclinic instability is dissipated at any given location in the ocean. In the deep ocean, smooth topography dissipates less energy than rough topography, while extremely rough or shallow topography may be sufficiently large to generate eddies. Ultimately the influence of topographic roughness on eddy processes is important, not only for identifying where mixing occurs in the ocean, but also for parameterizing mixing rates in climate models, and for understanding how past seafloor morphology might have led to different mixing patterns than we see today. 
